The intestinal epithelial barrier is frequently disrupted in inflammatory bowel disease (IBD) and this has been proposed to play a role in disease pathogenesis and reactivation. In vitro studies show that cytokine-induced epithelial barrier dysfunction can be mediated by increased myosin light chain kinase (MLCK) expression and subsequent myosin II regulatory light chain (MLC) phosphorylation. However, this has never been examined in human disease. The aim of these studies, therefore, was to determine whether MLCK is upregulated in the intestinal epithelium of IBD patients. MLCK expression and MLC phosphorylation in human intestinal resection and biopsy specimens were determined by quantitative immunofluorescence microscopy and correlated with clinical and histopathological data. The data show that ileal epithelial MLCK expression was mildly upregulated in inactive IBD. Expression increased further in active disease, with progressive increases in MLCK expression correlating positively with histological disease activity. This correlation between activity and MLCK expression was also seen in individual patients where areas of differing disease activity were analyzed. Colonic epithelial MLCK expression was similarly increased in active IBD and these increases also correlated positively with disease activity, both in individual patients and the overall study group. To evaluate MLCK enzymatic activity, MLC phosphorylation was assessed in snap-frozen colon biopsies. MLC phosphorylation was significantly increased in biopsies with active, but not inactive, IBD. Therefore, these data show that MLCK expression and enzymatic activity are increased in IBD. Moreover, the correlation with disease activity suggests that MLCK upregulation may contribute to barrier dysfunction and IBD pathogenesis.
A primary function of intestinal epithelia is the maintenance of a barrier to prevent unregulated mixing of luminal and interstitial compartments. While the relevance of epithelial barrier dysfunction to disease pathogenesis remains a subject of active investigation, it is well accepted that compromised barrier function is a common feature of infectious, ischemic, and immune-mediated intestinal disease. 1 This has been well defined in Crohn's disease (CD), where barrier defects can be detected in patients as well as a subset of their healthy relatives. [2] [3] [4] Moreover, barrier dysfunction may precede clinical evidence of disease 5 and may serve as a marker of impending disease reactivation. 6 Barrier dysfunction in CD patients has also been positively correlated with systemic immune activation. 7 This may, in part, be due to release of proinflammatory cytokines, including tumor necrosis factor (TNF). For example, barrier dysfunction in CD can be corrected by treatment with TNF-neutralizing antibodies. 8 However, TNF-neutralizing antibodies exert a major part of their therapeutic effect by general suppression of TNF signaling between immune cells. Thus, in the absence of data explaining mechanisms of epithelial barrier dysfunction in CD and ulcerative colitis (UC), it is not possible to fully evaluate the significance of barrier dysfunction to the pathobiology of these diseases.
One clue to the mechanism of barrier dysfunction in inflammatory bowel disease (IBD) may come from in vitro studies showing that TNFa induces barrier dysfunction in cultured intestinal epithelial monolayers. 9, 10 We have shown in vitro that TNFdependent barrier dysfunction requires myosin II activation by myosin light chain kinase (MLCK)-dependent myosin II regulatory light chain (MLC) phosphorylation. 11 Consistent with this, MLCK inhibition corrects TNF-induced intestinal barrier dysfunction in vitro 11 as well as in vivo intestinal barrier dysfunction in a mouse model of TNFdependent diarrhea. 12 Such MLCK-dependent regulation of epithelial barrier function has been described in response to other physiological and pathophysiological stimuli and appears to be due to increased paracellular permeability resulting from tight junction regulation. [13] [14] [15] In addition, we and others have recently shown that in vitro TNFinduced barrier dysfunction in model intestinal epithelia requires increased MLCK expression. 16, 17 However, in vivo MLCK expression has not been examined in humans or experimental animals.
The aim of these studies was to determine whether MLCK expression and enzymatic activity are increased in the intestinal epithelium of IBD patients. We analyzed surgical resection and biopsy specimens from a total of 43 IBD patients and control subjects. The data show that both MLCK expression and activity are increased in IBD and that these increases correlate with disease activity. These results support a role for MLCK in inducing the intestinal barrier dysfunction seen in IBD patients.
Materials and methods

Sample Collection
Snap-frozen resection and biopsy specimens were obtained from patients followed at The University of Chicago Hospitals. Resection specimens were sampled at multiple sites, snap frozen as fullthickness sections in Optimal Cutting Temperature media within 60 min of surgical resection, and stored at À801C. Biopsy specimens were obtained from patients undergoing colonoscopy for IBD. Control samples were obtained from patients undergoing colonoscopy as part of a routine program of polyp surveillance. Biopsy specimens were snap frozen in Optimal Cutting Temperature within 1 min of endoscopic resection and stored at À801C. Clinical data for IBD patients were obtained by medical record review. All procedures were approved by The University of Chicago Institutional Review Board.
Tissue Staining
Frozen sections (4 mm) were fixed in 1% paraformaldehyde (prepared in PBS) for 2 min, washed three times for 5 min with PBS, permeabilized using 0.5% Igepal CA-630 (Sigma, St Louis, MO, USA) in PBS for 5 min, and washed two more times in PBS. Sections were then blocked by incubation in PBS with 5% normal goat serum for 15 min prior to a 90 min incubation in primary antisera. After five washes in PBS with 1% normal goat serum sections were incubated with secondary antisera for 60 min. Fluorescent conjugates of phalloidin, to label Factin, and Hoeschst 33324, to label nuclei, were included with secondary antisera.
Primary antisera and concentrations used were: monoclonal mouse anti-pan MLCK, clone K36 (Sigma), 7.4 mg/ml; affinity-purified anti-MLCK1-specific rabbit antisera, 18 4 mg/ml; affinity-purified rabbit anti-serine-19-phosphorylated myosin light chain antisera, 19 and chicken antitotal myosin light chain antisera, 12 5 mg/ml. Secondary antisera were all used at 8 mg/ml and were Alexa 488-or Alexa 594-conjugated goat anti-mouse immunoglobulin (Invitrogen, Carlsbad, CA, USA), Alexa 488-conjugated goat anti-chicken immunoglobulin (Invitrogen), and Alexa 594-conjugated goat anti-rabbit immunoglobulin (Invitrogen). Alexa 488-and Alexa 350-conjugated phalloidin (Invitrogen) were used at 5 U/ml and Hoeschst 33324 (Invitrogen) was used at 1 mg/ml.
Immunofluorescence Microscopy and Image Analysis
Sections were imaged using a DM4000 epifluorescence microscope (Leica Microsystems Inc., Bannockburn, IL, USA) equipped with 41004, 41017, and 31000v2 zero-pixel shift filter cubes (Chroma Technology, Rockingham, VT, USA) and a 12-bit Coolsnap HQ camera (Roper Scientific, Tucson, AZ, USA) controlled by MetaMorph 6.2 (Universal Imaging Corporation, Downingtown, PA, USA).
Images were analyzed using MetaMorph 6.2. For analysis of MLCK and MLCK1 expression tissues were double labeled for the kinase and F-actin. The region of the apical actomyosin ring was identified using the F-actin image. Intensities for the pixels corresponding to this region in the MLCK or MLCK1 images were then exported to Microsoft Excel (Microsoft Corporation, Redmond, WA, USA). Data were limited to discard outlying pixel intensities, as previously described. 19 Mean pixel intensity for each sample was then normalized to a similarly analyzed standard control tissue (ileum or colon, corresponding to the diseased tissue used) that was stained daily to control for day-to-day staining variation.
Analysis of MLC phosphorylation was performed on biopsies double labeled for phosphorylated MLC and total MLC. To avoid potential artifact due to small variations in interval to freezing and day-today staining variation, MLC phosphorylation in each biopsy specimen was compared to a standard non-IBD control that was stained with each batch as well as colon biopsies from five control subjects without IBD. Preliminary studies showed that the intensity of total MLC labeling within these specimens was uniform except that in specimens with erosions or ulcerations MLC phosphorylation was difficult to assess reliably. This was partly due to the absence of epithelial cells from large areas of ulcerated biopsies, leaving insufficient epithelia available for analysis. These biopsies were therefore excluded from the study. In light of the lability of MLC phosphorylation, we limited our analysis to categorizing biopsies as having MLC phosphorylation less than, similar to, or greater than the control. With the exception of several ulcerated biopsies, which were excluded, no biopsies had MLC phosphorylation less than the control. In all cases noninflamed biopsies from subjects without IBD stained for phosphorylated MLC with intensities similar to controls.
Hematoxylin and Eosin Staining and Activity Scoring
At the time frozen sections were prepared for immmunofluorescent staining adjacent sections were collected and stained with hemotoxylin and eosin. These were reviewed by a gastrointestinal surgical pathologist (JRT) blinded to the clinical data to confirm that diseased tissues were involved by IBD and that normal controls were indeed normal. Samples were then graded for activity using on a four-tier scale; inactive, mild, moderate, severe ( Figure 1 ). Tissue with inactive disease showed evidence of involvement by chronic IBD, including crypt architectural distortion, basal lymphoplasmacytic infiltrates, fibrosis, or epithelial metaplasia, but no active inflammatory infiltrates (neutrophils or eosinophils). Tissue with mild activity showed features of chronic IBD with rare intraepithelial neutrophils or eosinophils and increased numbers of neutrophils or eosinophils within the lamina propria. Moderately active disease was characterized by features of chronic IBD with frequent intraepithelial neutrophils or eosinophils, lamina propria distortion, and markedly increased numbers of neutrophils or eosinophils within the lamina propria. Tissue with severe activity showed features of chronic IBD with numerous crypt abscesses, erosions, or ulcerations and focal sheets of neutrophils or eosinophils within the lamina propria.
Statistical Analysis
Statistical analysis was performed with Stata 8.2. software (StataCorp, College Station, TX, USA). Normalized averages were grouped by disease activity grade (determined on hematoxylin-and eosin-stained slides) and compared to inactive disease samples or control samples using the Student's t-test. Fisher's exact test was used for proportions with calculation of Pearson's correlation coefficients. A P-value of r0.05 was considered statistically significant by convention.
Results
Patient Population
The study group for analysis of MLCK expression consisted of 26 patients from The University of Chicago Hospitals who underwent enteric resections that included right colon and ileum. A total of 20 patients underwent these procedures for IBD; five with UC and 15 with CD. Six patients were resected for right-sided adenocarcinoma. In these specimens, which served as controls, normal ileal and colonic margins of resection were analyzed. Additional demographic features of the patients whose resection specimens were studied are provided in Table 1 .
For analysis of small intestinal disease activity and MLCK isoform expression, 26 separate fullthickness ileal sections from the 10 CD patients were analyzed and compared to four control ileal sections; one each from four adenocarcinoma patients. Analysis of colonic disease activity and MLCK isoform expression was performed in 21 sections from IBD patients, 13 UC and eight CD, and five sections from adenocarcinoma patients.
Preliminary analyses showed that resection specimens were unsuitable for analysis of MLC phosphorylation, as detailed below. To avoid this, MLC phosphorylation was assessed in colonic mucosal biopsies snap frozen within 1 min of endoscopic resection. In all, 17 biopsies from 12 IBD patients, seven UC and five CD, and seven biopsies from five control subjects (without history of gastrointestinal disease who underwent colonoscopy for polyp surveillance) were analyzed.
For all specimens analyzed, histological activity was evaluated in serial sections stained by hematoxylin and eosin ( Figure 1 ) that were immediately adjacent to sections used for immunofluorescent staining. Histological activity assessment and quantitative immunofluorescent analyses were performed independently and the data sets were not merged until all analyses were complete.
Ileal Epithelial MLCK Expression is Increased in CD
MLCK expression was assessed in ileal epithelium using quantitative immunofluorescence microscopy. In control tissues the subcellular localization of MLCK expression was similar to that previously reported in human jejunal enterocytes 18 and was concentrated within the apical actomyosin ring and a less intense juxtanuclear pool ( Figure 2 ). This distribution was qualitatively indistinguishable from that seen in ileal specimens with inactive CD. However, quantitative analysis of epithelial MLCK expression showed that it was increased in inactive CD. Normalized ileal enterocyte MLCK expression in CD specimens with inactive disease was 1.1870.05 (n ¼ 7), which was significantly (P ¼ 0.03) greater than ileal enterocyte MLCK expression in control specimens.
Although observers were blinded to clinical data, it was immediately apparent that MLCK expression was increased in epithelia of tissues with active disease (Figure 2 ). The greatest variation in MLCK expression was seen in cases with mild disease activity; six of nine cases had small increases similar to those associated with inactive disease while the remaining three cases had larger increases in MLCK expression (Figures 2 and 3) . Overall, normalized ileal epithelial MLCK expression in specimens with mild activity was 1.5470.21 (n ¼ 9). Epithelial MLCK expression in ileal specimens with moderate disease activity was 1.5970.18 (n ¼ 7), a value similar to that in specimens with mild activity; normalized MLCK expression exceeded 1.5 in four of seven specimens (Figure 3 ). These 16 specimens were thus grouped for statistical analyses. In the group of ileal resection specimens with mild and moderate disease activity overall normalized MLCK expression was 1.5670.14 (n ¼ 16). This was significantly greater than expression in control specimens (P ¼ 0.03) as well as in CD cases with inactive disease (P ¼ 0.04).
Three ileal resection specimens with severe activity were available for analysis. MLCK expression was increased in each of these (Figures 2  and 3 ). Overall normalized MLCK expression averaged 2.1670.43, and expression exceeded 2.5 in two of three specimens (Po0.01 vs inactive CD). In these cases MLCK was still concentrated within the apical actomyosin ring, but the staining was far more intense and was readily seen throughout the cytoplasm such that exposures matched to those used for analysis of the other specimens resulted in oversaturation of the image (Figure 2 ). Owing to this oversaturation subcellular localization is best evaluated in the inset in which exposure was reduced by 50% ( Figure 2 ). Overall, these data demonstrate that total ileal epithelial MLCK expression is increased in both inactive and active CD. Moreover, when the entire CD patient group was considered MLCK expression correlated positively with disease activity (r ¼ 0.93).
We and others 16, 17 have recently shown that increased MLCK expression induced by TNFa in cultured cell lines is due to transcriptional upregulation of MLCK. 20 Given the observed increase in MLCK expression in active CD, we sought to assess MLCK mRNA content using quantitative real-time RT-PCR. Unfortunately, these data were inconclusive with a large range of values obtained. While we do not know the reason for this technical difficulty and mRNA is reported to be stable in surgical specimens under the conditions used here, 21 it is possible that the inflammatory responses present in tissues with active disease interfered with mRNA stability or other technical aspects of mRNA detection. We also attempted quantitative real-time RT-PCR using colon biopsies from UC and CD patients. Again these were unsuccessful, likely a result of the low copy number of MLCK in intestinal epithelia and the small number of epithelial cells present in (5) 18.0% (9) these biopsies. Thus, although in vitro data suggests that the observed increases in MLCK expression may be secondary to transcriptional regulation, we were not able to test that hypothesis in these tissues. The merged image shows F-actin (green) and nuclei (blue) for orientation. In CD tissue with mild activity MLCK expression was increased and concentrated at the apical actomyosin ring (exposures are matched throughout). In tissue with severe activity MLCK expression was markedly increased. This resulted in saturation of the image when exposures were identical to those used for tissue without disease or with mild activity. The inset shows a 50% reduction of exposure for analysis of MLCK localization in tissue with severe disease. MLCK is detected at the apical actomyosin ring and throughout the cytoplasm. Bar ¼ 5 mm. Figure 3 Ileal epithelial MLCK expression in CD correlates with disease activity. Specimens were grouped based on histological grading of disease activity (as in Figure 1 ). All samples with inactive disease (white circles) had normalized MLCK expression between 1.0 and 1.5. Thus, a reference line at a value of 1.5 is shown as the upper limit of expression for inactive disease (dashed line). For the samples with mild activity (light gray circles) MLCK expression exceeded 1.5 in 30%. In the samples with moderate activity (dark gray circles) MLCK expression exceeded 1.5 in 43%. In the samples with severe activity (black circles) MLCK expression exceeded 1.5 in 67%.
Ileal Epithelial MLCK Expression Correlates with Disease Activity within Individual CD Patients
Although analysis of the group data above suggests that MLCK expression correlates with disease activity, the data do not differentiate between systemic and local factors that relate activity to MLCK expression. For example, one might hypothesize that ileal epithelial MLCK expression is increased systemically in response to disease activation, much like serum acute phase reactants. Alternatively, one could equally well hypothesize that local factors regulate ileal epithelial MLCK expression. To discriminate between these possibilities we analyzed ileal epithelial MLCK expression in the six patients studied where multiple ileal specimens with varying disease activity were available. Two biopsies existed for five of these six patients and three existed for one patient, allowing analysis of 13 biopsies. MLCK expression increased with disease activity in four of these six patients ( Figure 4 ). In the remaining two patients MLCK expression was similar in biopsies with more or less activity. Thus, these data suggest that ileal epithelial MLCK expression is regulated locally in parallel with disease activity.
Ileal Epithelial MLCK1 Isoform Expression is Upregulated in Active CD
We have recently described the limited expression of a specific MLCK isoform, MLCK1, in villous enterocytes. 18 This isoform is localized specifically to the apical actomyosin ring where it regulates epithelial barrier function by modifying tight junction permeability. 18 We therefore asked if this MLCK isoform was increased in ileal epithelium of CD patients. MLCK1 expression was analyzed in 18 CD specimens and three controls. Quantitative analysis showed that, in those cells expressing MLCK1, expression increased modestly with histological activity (Figure 5a) ; normalized expression increased from 1.0370.07 in inactive and mildly active specimens (n ¼ 10) to 1.2470.11 in moderate and severely active specimens (n ¼ 8, P ¼ 0.04). These increases in MLCK1 expression correlated positively with increases in MLCK expression (r ¼ 0.72), suggesting that MLCK1 is an important component of total MLCK expression and that factors regulating total MLCK expression may also regulate MLCK1 expression.
However, more striking than quantitative increases in MLCK1 expression were the qualitative changes in MLCK1 distribution associated with moderate and severe disease activity. MLCK1 expression was concentrated in cells at the villus tip and tightly restricted to the apical actomyosin ring in control tissue and tissue with inactive and mildly active disease (Figure 5b ). Thus, MLCK1 was detected in less than 15% of enterocytes in ileal specimens with inactive and mildly active disease. In contrast, MLCK1 was readily detected along the surface of distorted villi in cases with moderate and severe disease activity, representing approximately 50% of enterocytes (Figure 5b ). In these cases there also appeared to be some MLCK1 detected in the cytoplasm in areas distinct from the apical actomyosin ring. Thus, MLCK1 expression was increased in moderate and severely active CD, in terms of both the number of ileal enterocytes expressing MLCK1 and the magnitude of expression within individual enterocytes.
Colonic Epithelial MLCK and MLCK1 Expression are Increased in Active UC and CD
MLCK upregulation in small intestinal enterocytes of patients with active CD is consistent with a variety of experimental observations, including our recent report that TNF-induced MLCK-dependent epithelial barrier dysfunction occurs in murine small intestine, 12 the observation that small intestinal barrier function is compromised in CD patients, 4 and a report suggesting that anti-TNF therapy can restore barrier function in CD patients. 8 In contrast, barrier function in the colon and in UC patients has been less well studied. Thus, we asked if increased MLCK and MLCK1 expression also occurred in colonic epithelium in the setting of active IBD. We examined 21 resection specimens from 11 patients; five with UC and six with CD. As described for ileal enterocytes, MLCK expression in Figure 4 Ileal epithelial MLCK expression correlates with disease activity in individual patients. Six of the CD patients studied had multiple sites sampled within the ileum that varied in disease activity. Each patient is represented by a unique symbol. In four of six patients normalized MLCK expression was significantly greater in areas with increased disease activity. In the remaining two patients (upright and inverted triangles) MLCK expression levels were similar in areas with varied disease activity. colonic surface epithelium was primarily localized to the apical actomyosin ring with limited amounts detected throughout the remainder of the cytoplasm ( Figure 6 ). In cases with inactive disease and mildly active disease, MLCK expression was not significantly different than in control cases (1.0270.11, n ¼ 9, P ¼ 0.2 relative to controls). However, epithelial MLCK expression was markedly increased in Figure 5 Ileal epithelial MLCK1 isoform expression is increased in CD. (a) In control tissue from a non-CD patient MLCK1 (red in the merged image) expression was limited, although detectable, at the apical actomyosin ring of villus enterocytes. F-actin (green) and nuclei (blue) are shown in the merged image for orientation. In CD tissue with inactive disease MLCK1 expression was also limited and concentrated at the apical actomyosin ring (exposures are matched throughout). In tissue with moderate activity MLCK1 expression was markedly increased. This resulted in saturation of the image when exposures were identical to those used for tissue without disease or with mild activity. The inset shows a 50% reduction of exposure for analysis of MLCK1 localization in tissue with severe disease. Bar ¼ 10 mm. (b) Lower magnification images show that MLCK1 expression is restricted to villus enterocytes in inactive CD. Hematoxylin-and eosin-stained tissue from an adjacent section is shown for orientation. In contrast to inactive disease, MLCK1 is diffusely expressed along the surface in the presence of severe activity, with the result being a dramatic increase in the number of cells expressing MLCK1. Bar ¼ 100 mm. Figure 6 Colonic epithelial MLCK expression is increased in CD and UC. In control tissue from a UC with inactive disease MLCK expression (red in the merged image) was detectable at the apical actomyosin ring and within the cytoplasm of surface enterocytes. F-actin (green) is shown in the merged image for orientation. In UC tissue with active disease MLCK expression was increased at both subcellular locations. Results were similar in patients with colonic CD. Bar ¼ 10 mm. Figure 7 Colonic epithelial MLC phosphorylation is increased in CD and UC. In a biopsy from a UC patient with inactive disease the degree of MLC phosphorylation (red in the merged image) was similar to that seen in colonocytes in control (non-IBD). F-actin (green) and nuclei (blue) are shown in the merged image for orientation. Phosphorylated MLC (phosphoMLC) was primarily localized to the apical actomyosin ring at the site of the intercellular junction and was also present as a light diffuse staining within the apical cytoplasm. In a representative CD biopsy with mild activity and a UC biopsy with moderate activity the degree of MLC phosphorylation in both apical actomyosin ring and diffuse cytoplasmic pools increased progressively with increasing activity. Bar ¼ 5 mm.
cases with moderate and severe activity. In these cases normalized MLCK expression increased significantly to 1.4670.11 (n ¼ 12, P ¼ 0.005 relative to cases with inactive disease and mild activity). When stratified by diagnosis there were no significant differences between MLCK expression levels in UC and CD patients. Similarly, there was no difference in MLCK expression when samples were stratified by site within the colon. Thus, like small intestinal epithelium, colonic epithelial MLCK expression is increased in IBD patients with moderate and severe disease activity.
Among the five UC patients studied, four had multiple specimens with differing activity (inactive/ mild vs moderate/severe) available for analysis. MLCK expression was increased in the more active specimens for three of these four patients, with no significant difference noted for the fourth patient. Thus, similar to ileum, colonic epithelial MLCK expression appears to be controlled by local factors.
Increased MLCK Activity Accompanies Increases in MLC Expression
The data above clearly demonstrate that intestinal epithelial MLCK protein expression is upregulated in active UC and CD. However, MLCK enzymatic activity is regulated by several mechanisms that are independent of protein expression. Thus, increased MLCK protein expression does not necessarily indicate increased kinase activity. To assess in vivo MLCK activity we measured phosphorylation of the endogenous MLCK substrate, MLC. While it might be correctly argued that phosphatase activity also contributes to overall levels of MLC phosphorylation, our recent in vitro and in vivo studies suggest that MLCK is the primary regulator of intestinal epithelial MLC phosphorylation. 11, 12 Unfortunately, our preliminary experiments showed that MLC phosphorylation decreased progressively with increasing time after resection, perhaps due to tissue anoxia, decreasing ATP levels, and unopposed phosphatase activity. To avoid this artifact we measured intestinal epithelial MLC phosphorylation in colon biopsies snap frozen within 1 min of resection. A total of 17 biopsies from 12 patients, seven with UC and five with CD, were studied.
Of the 17 biopsies studied, 10 had increased MLC phosphorylation, typically two-to three-fold greater than that seen in the control tissue ( Figure 7) . MLC phosphorylation was similar to controls in the remaining seven biopsies. When stratified into groups based on disease activity, increased MLC phosphorylation was present in seven of eight cases with active colitis but only in three of nine cases with inactive disease. Thus, MLC phosphorylation is increased in active colitis (P ¼ 0.02). Consistent with this, one UC patient had several biopsies with differing disease activity. In this patient with three biopsies, two biopsies were inactive and one had moderate disease activity. One of the inactive biopsies as well as the biopsy with active disease demonstrated increased MLC phosphorylation, while MLC phosphorylation was similar to the controls in the third (inactive) biopsy. Thus, these group and individual data suggest that, like MLCK expression, MLCK activity is locally regulated and correlates with disease activity.
Based on in vitro 16, 17 and in vivo 12 data linking intestinal epithelial MLC phosphorylation to TNF, we asked if there was any association between MLC phosphorylation and previous therapy using TNF antagonists. For example, the one case of active colitis without increased MLC phosphorylation might have been a patient treated with TNFneutralizing antibodies. However, the data show that this patient had not been treated with TNFneutralizing antibodies and no other associations between previous therapy and MLC phosphorylation status were apparent in our analyses of the patients whose biopsies were studied.
Discussion
While the presence of intestinal epithelial barrier dysfunction in CD and UC is generally accepted, neither the relevance to disease pathobiology nor the mechanisms of this barrier dysfunction are understood. This lack of mechanistic understanding has prevented definition of the role of barrier dysfunction in disease and limited exploration of barrier restoration as a therapeutic goal. Until recently, few clues have been available to explain the observed epithelial barrier defects. However, a variety of potential mechanisms have been proposed on the basis of in vitro and in vivo studies. These include epithelial apoptosis, mucosal ulceration, and altered tight junction protein expression. 1, 12, [22] [23] [24] [25] [26] [27] While apoptosis and ulceration can certainly disrupt the mucosal barrier, abundant experimental evidence suggests that these alone cannot explain the barrier dysfunction observed. 23 One pair of recent reports has shown that increased expression of the tight junction protein claudin-2 can contribute to the reduced barrier function seen in response to IL-13, both in vitro and in vivo. 23, 23 This may therefore explain some of the barrier dysfunction seen in UC, where IL-13 production by mucosal lymphocytes is markedly elevated. 23 However, another series of studies has clearly shown that TNF can induce apoptosisindependent barrier dysfunction in vitro and in vivo. 11, 12, 16, 17, 25, 26 While the mechanism of TNFinduced barrier dysfunction does not appear to involve increased claudin-2 expression, 22 both in vitro 11, 16, 17 and in vivo 12 TNF-induced barrier dysfunction require MLCK activation. This is consistent with the documented role of MLCK in regulating epithelial tight junction permeability in response to physiological and pathophysiological stimuli in both in vitro and in vivo models. 13, 15, 19, 27 The mechanism by which TNF induces epithelial MLCK activation is not well understood, 12 but studies in cultured epithelial monolayers suggest a role for TNF-dependent transcriptional activation of MLCK. 16, 17 As a result, both MLCK expression and activity are increased, as demonstrated by increased MLC phosphorylation. 16, 17 Inhibition of this increased MLCK activity restores barrier function in TNF-treated cultured epithelial monolayers, consistent with a central role for MLCK upregulation in TNF-induced barrier dysfunction.
To evaluate whether these in vitro observations are relevant to barrier dysfunction in human disease we studied patients with CD and UC, diseases in which barrier defects are well described 7, [28] [29] [30] [31] and the therapeutic efficacy of TNF antagonism suggests that this cytokine plays an important pathogenic role. 8, [32] [33] [34] Our data show that, in both ileum and colon, MLCK expression is increased in a subset of patients with CD and UC. We also examined expression of the MLCK1 isoform, which is specifically associated with the tight junction in intestinal enterocytes. Like total MLCK, MLCK1 isoform expression was also increased in a subset of the patients studied. To determine if these increases in protein expression were accompanied by increases in MLCK enzymatic activity, we evaluated phosphorylation of the MLCK substrate MLC. Owing to the lability of phosphorylated MLC we found it impossible to study MLC phosphorylation in the resection specimens used for evaluation of MLCK expression. Thus, we used colon biopsy specimens snap frozen within 1 min of endoscopic resection. These proved suitable and, like MLCK protein expression, we found that MLC phosphorylation was increased in subset of patients with CD and UC.
To determine what separated the subset of patients with increased MLCK expression and activity from those without we evaluated clinical data, including diagnosis, biopsy site, previous and current therapy, previous surgery, smoking history, and duration of disease. None of these correlated, either positively or negatively, with increased MLCK expression or activity. However, when we assessed disease activity, as assessed histologically, we found that the magnitude of MLCK expression and presence of increased MLC phosphorylation correlated strongly with active inflammation. Analysis of patients with multiple samples confirmed an association between disease activity and MLCK expression and, strikingly, demonstrated that the degree of MLCK upregulation paralleled the degree of activity at each site. These data therefore suggest that MLCK upregulation may be directly related to disease activity. Moreover, the data suggest that the degree to which MLCK is upregulated can be controlled locally.
Despite the conclusion that MLCK expression and activity can be locally regulated, the data do not allow us to distinguish between cause and effect. For example, one might conclude from these data that MLCK is upregulated as a consequence of local active inflammation. This would certainly be consistent with the data presented and would also be supported by the observation that TNF can induce MLCK upregulation in cultured epithelia. Alternatively, one could hypothesize that the active inflammation is a consequence of MLCK upregulation. This would be plausible if one assumed that MLCK upregulation leads to barrier dysfunction, leakage of noxious and antigenic luminal contents into the lamina propria, and induction of an active inflammatory response. This model is also consistent with the data presented and would be supported by studies showing that barrier dysfunction is present in a subset of asymptomatic healthy relatives of CD patients as well as studies showing that barrier dysfunction predicts disease reactivation in CD patients in clinical remission. A third possibility that incorporates the first two might also be considered. We have recently proposed that barrier dysfunction and mucosal immune activation may be linked in a cycle. 1 In this model, barrier dysfunction, whether primary or secondary, results in increased leakage of luminal contents and immune activation. This increased immune activation feeds back on the intestinal epithelium, as might occur due to cytokine-driven MLCK upregulation, to cause further loss of barrier function, further luminal leakage, and further immune activation. In this manner a self-amplifying cycle could be established, leading to disease in susceptible individuals. Discrimination between these and other possibilities will require further study. For example, analysis of biopsy specimens taken from patients at the time of diagnosis, prior to therapy, might shed light on the sequence of events leading to increases in intestinal epithelial MLCK expression and activity. However, in the modern era such studies are not possible for many reasons. First, only rare patients are biopsied on initial presentation. Thus, biopsies at time of diagnosis, while often prior to therapy, already represent chronic disease. Indeed, even if patients were biopsied at presentation, the available data suggest that histologically identifiable disease has already been present for some time. 35 Second, the need for freshly frozen tissue demands that such a study be performed prospectively, with an assistant standing by to rapidly freeze tissues on all potential IBD diagnoses. Despite this, the recognition that MLCK expression and activity are increased in IBD represents an essential step forward in understanding the relationship between disease activity, MLCK upregulation, and disease pathogenesis.
In summary, the data presented demonstrate that MLCK expression and activity are upregulated in ileal and colonic epithelia involved by CD and UC. Moreover, the degree of upregulation correlates positively with the degree of active inflammation, suggesting an important relationship between these events.
